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Abstract
A distinctive property of reverse transcriptase is the ability to carry out strand displacement synthesis in the absence of accessory proteins such
as helicases or single-strand DNA binding proteins. Structure–function studies indicate that the fingers subdomain in HIV-1 reverse transcriptase
contacts the template strand downstream of the primer terminus and is involved in strand displacement synthesis. Based on structural comparisons
to the HIV-1 enzyme, we made single amino acid substitutions at the Tyr-64 and Leu-99 positions in the fingers subdomain of the M-MuLV
reverse transcriptase to ask whether this subdomain has a similar role in displacement synthesis. In vitro assays comparing non-displacement
versus displacement synthesis revealed that substitution of alanine at Tyr-64 generated a reverse transcriptase that was impaired in its capacity to
carry out DNA and RNA displacement synthesis without affecting polymerase processivity or RNase H activity. However, substitution of Tyr-64
with phenylalanine and a variety of substitutions at position Leu-99 had no specific effect on displacement synthesis. The Y64A substitution
prevented viral replication in vivo, and Y64A virus generated reduced levels of reverse transcription intermediates at all steps beyond the synthesis
of minus strong stop DNA. The role of the fingers subdomain and in particular the possible contributions of the Tyr-64 residue in displacement
synthesis are discussed.
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The single-stranded RNA genome of a retrovirus is
converted into double-stranded DNA suitable for integration
into the host cell genome through the replicative process termed
reverse transcription. During reverse transcription, unique
sequences at the 5′ (U5) and 3′ (U3) ends of the viral genome
are duplicated to generate redundant DNA ends called long
terminal repeat (LTR) regions that border the protein coding
sequences in the linear DNA product. Reverse transcription is
orchestrated by reverse transcriptase, a remarkable enzyme that⁎ Corresponding author. Fax: +1 206 543 8297.
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doi:10.1016/j.virol.2007.04.028carries out minus-strand and plus-strand DNA synthesis, strand
displacement synthesis, strand transfers, and degradation of the
RNA portion of RNA–DNA hybrids. To perform these multiple
functions, reverse transcriptase contains two distinct enzymatic
activities, an RNase H activity and an RNA-dependent and
DNA-dependent DNA polymerase activity (reviewed in Tele-
snitsky and Goff, 1993).
The polymerase activity of reverse transcriptase is unusual in
its ability to displace a non-template strand while simulta-
neously carrying out DNA synthesis with no requirement for
accessory proteins like DNA helicases or single-strand DNA
binding proteins (Amacker et al., 1995; Fuentes et al., 1996a,b;
Hottiger et al., 1994; Huber et al., 1989; Whiting and
Champoux, 1994, 1998). Several aspects of reverse transcrip-
tion benefit from the ability of reverse transcriptase to perform
displacement synthesis through RNA/DNA hybrids and DNA
or RNA duplexes (reviewed in Boone and Skalka, 1993). For
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may not completely eliminate the genomic RNA during minus-
strand DNA synthesis, reverse transcriptase is capable of
displacing any RNA fragments that remain annealed to the
minus-strand DNA and would otherwise impede plus-strand
synthesis (DeStefano et al., 1992; Fuentes et al., 1996a;
Kelleher and Champoux, 1998). Also, after the second strand
transfer, displacement synthesis through duplex DNA is
necessary to copy the viral long terminal repeat (LTR) sequence,
typically about 600 bp in length (Whiting and Champoux,
1998). Finally, reverse transcriptase must carry out displace-
ment synthesis through short duplex RNA regions found in
stem-loops structures and the tRNA-PBS region of the retroviral
genome (Lanciault and Champoux, 2004, 2005). Despite the
importance of displacement synthesis in reverse transcription,
the structural features of reverse transcriptase that enable this
unique property are unknown.
There are both monomeric and dimeric forms of retroviral
reverse transcriptases. The reverse transcriptase of Moloney
murine leukemia virus (M-MuLV) is isolated as a 76 kDa
monomer (Moelling, 1974; Roth et al., 1985), while the
reverse transcriptase of human immunodeficiency virus type 1
(HIV-1) is a heterodimer composed of 66 kDa (p66) and
51 kDa (p51) subunits (di Marzo Veronese et al., 1986). The
subunits of the HIV-1 enzyme share the same amino termini,
whereas p51 is a proteolytic fragment of the larger p66
subunit that lacks the carboxyl terminal RNase H domain and
is catalytically inactive. Crystal structures of both M-MuLV
and HIV-1 reverse transcriptase have shown that the
monomeric M-MuLV enzyme and the heterodimeric form of
the HIV-1 enzyme have a nucleic acid binding cleft that
accommodates the double-stranded primer-template for the
DNA polymerase (Das and Georgiadis, 2004; Huang et al.,
1998; Jacobo-Molina et al., 1993; Kohlstaedt et al., 1992;
Wang et al., 1994). The polymerase domain assumes a shape
that has been compared to a right hand, and contains three
subdomains termed the fingers, palm, and thumb (Kohlstaedt
et al., 1992). A connection subdomain joins the polymerase
domain to the RNase H domain.
The unique architecture of the polymerase subdomains is
responsible for the catalytic mechanism that carries out DNA
synthesis during reverse transcription. The palm subdomain
contains the residues essential for catalysis (Jacobo-Molina et
al., 1993). The thumb subdomain makes extensive contacts with
the template-primer in the “minor groove binding track,” and
participates in substrate binding, polymerase fidelity, and
processivity (Beard et al., 1994; Bebenek et al., 1995, 1997).
The binding of the primer-template by reverse transcriptase is
associated with a conformational change in the position of the
thumb subdomain, while dNTP binding to form the ternary
complex causes the fingers subdomain to bend towards the
active site and thumb subdomain (Huang et al., 1998). In
agreement with the crystallography data, numerous studies have
indicated that the fingers subdomain has important roles in both
polymerase fidelity and processivity (Arion et al., 1996; Fisher
and Prasad, 2002; Kew et al., 1998; Kim et al., 1998, 1999;
Shah et al., 2000).Since no structural studies have shown reverse transcriptase
complexed with a primer/template substrate containing a
nontemplate strand downstream of the primer terminus, the
precise relationship between reverse transcriptase and the non-
template strand during displacement synthesis remains
unknown. Previous studies have suggested that strand separa-
tion ahead of the translocating polymerase during displacement
synthesis most likely requires an active mechanism involving
protein–nucleic acid contacts between reverse transcriptase and
the substrate (Whiting and Champoux, 1994, 1998). DNase I
footprinting experiments have shown that the enzyme contacts
the substrate downstream of the primer terminus up to +7 nt on
the template strand and up to +9 nt on the non-template strand
(Winshell and Champoux, 2001; Wohrl et al., 1995). With the
enzyme tightly clamped around the DNA, the presence of the
next correct dNTP which allows formation of the ternary
complex, is required for separating the first two base pairs
downstream of the primer terminus (Winshell et al., 2004). A
recent study has emphasized the importance of protein–nucleic
acid contacts by demonstrating that substitution of nucleoside
analogs at the first two positions in the single-stranded template
beyond the primer terminus disrupts these interactions and
prevents DNA synthesis (Dash et al., 2006). These observations
support the hypothesis that specific interactions between the
primer-template and reverse transcriptase in the closed
conformation promote an active unpairing of the non-template
strand from the template during displacement synthesis.
From the available crystallography data, the fingers sub-
domain of reverse transcriptase seems likely to interact with the
non-template strand because this subdomain moves into close
contact with the template DNA downstream of the primer
terminus in the ternary complex (Huang et al., 1998). The
template nucleotides immediately 5′ of the primer terminus are
contacted by residues Trp-24, Pro-25, Phe-61, Ile-63, Leu-74,
and Asp-76 in the fingers subdomain (Huang et al., 1998), and
consequently these amino acids are excellent candidates to play
a structural role in displacement synthesis. In support of this
hypothesis, substitutions at the highly conserved Phe-61
position in the fingers subdomain of HIV-1 reverse transcriptase
indicate that this residue functions in both enzyme processivity
and strand displacement synthesis (Fisher et al., 2003; Fisher
and Prasad, 2002).
A comparative analysis of the HIV-1 and M-MuLV reverse
transcriptase structures indicates that the fingers and palm
subdomains in the two enzymes are structurally very similar and
contain several amino acids that are conserved in a structure-
based sequence alignment (Das and Georgiadis, 2004). To
better understand how the M-MuLV reverse transcriptase carries
out displacement synthesis, we have used a mutagenesis
approach to evaluate the roles of the amino acids Tyr-64 and
Leu-99 that correspond to Trp-24 and Phe-61 of HIV-1 reverse
transcriptase, respectively. Surprisingly, substitutions at Leu-99
do not specifically affect displacement synthesis. However,
changing residue Tyr-64 to alanine in M-MuLV reverse
transcriptase specifically impairs both the DNA and RNA
displacement synthesis capacity of the enzyme without
significantly affecting polymerase processivity or RNase H
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replication in vivo, revealing that this residue has an important
role in a polymerase function that is required for a successful
infection by M-MuLV. The implications of these results are
considered in relation to the possible functional roles of the Tyr-
64 residue in M-MuLV reverse transcriptase.
Results
Based on structural comparisons between the reverse
transcriptases of HIV-1 and M-MuLV, we made amino acid
substitutions at two positions in the fingers subdomain of the M-
MuLV enzyme that were considered likely to have a role in
displacement synthesis (Huang et al., 1998). Tyr-64 was replaced
with alanine or phenylalanine, and Leu-99 was replaced with
alanine, tryptophan, tyrosine, or phenylalanine. The various mu-
tant reverse transcriptases were overexpressed and purified along
with the WT M-MuLV reverse transcriptase, and the relative
specific activities of the recombinant enzymes were determined
using a standard poly(rA)/oligo(dT) assay (Hou et al., 2004).
The mutant and WT enzymes were screened in assays
comparing non-displacement versus displacement synthesis
(Fisher et al., 2003). To take into account any small effect of the
mutation on non-displacement synthesis, the amounts of mutant
and WT enzyme that gave similar levels of full length products
in a non-displacement synthesis assay were determined and then
the same amounts were tested in a displacement synthesis assay.
Effect of Tyr-64 substitutions on displacement synthesis using a
short template
In an initial assay using oligonucleotide-based primer-
templates, we compared the ability of the WT or mutant reverse
transcriptases to extend a primer on a template strand in the
absence (non-displacement synthesis) or presence (displacement
synthesis) of a non-template strand that is complementary to the
33 bases ahead of the primer terminus. On the non-displacement
substrate, WT M-MuLV reverse transcriptase rapidly extended
the 5′ end-labeled 27 nt primer to generate the 60 nt full length
product (Fig. 1A, lanes 1–6). Similar to previous work (Fisher et
al., 2003; Fuentes et al., 1996b; Kelleher and Champoux, 1998;
Whiting and Champoux, 1994, 1998), when the non-template
strand was added to create the double-stranded displacement
substrate, the rate of synthesis by the WT enzyme decreased
∼10-fold and significant pausing was observed after 1 to 3 bases
of extension (Fig. 1A, lanes 7–12, respectively). In control
experiments, no synthesis was observed with T4 DNA
polymerase on the displacement substrates, confirming that all
of the template strand was annealed to the non-template strand
(data not shown; Whiting and Champoux, 1998).
At enzyme concentrations where the amount of nondispla-
cement synthesis by the mutant enzymes (Y64A and Y64F)
was the same as that for the WT enzyme, the Y64F enzyme was
essentially identical to the WT enzyme in displacement
synthesis (data not shown; also see below, Fig. 2B). However,
the Y64A reverse transcriptase exhibited a specific defect in
displacement synthesis as evidenced by a dramatic reduction inthe accumulation of full length products when compared to the
WT enzyme (Fig. 1A, compare lanes 13–24 with lanes 1–12).
For both the WT and Y64A enzymes, pausing during
displacement synthesis was most prevalent in the first three
to four bases of extension. The Y64A mutant clearly had an
additional difficulty in the early stages of displacement syn-
thesis as the amount of unextended primer remained almost
unchanged throughout the 5-min time course and the amount of
extension beyond +2 was markedly reduced compared to the
WT enzyme.
To quantify the defect in displacement synthesis by the
Y64A enzyme, we measured the rates of accumulation of full
length products. Consistent with the design of the experiment,
generation of full length extension products with the non-
displacement substrate was essentially identical for the WT and
Y64A enzymes (Fig. 1B). However, when using the displace-
ment substrate under the same conditions, the WT and Y64A
enzymes showed a substantial difference in the kinetics of
synthesis of the full length extension products with the mutant
enzyme synthesizing 5-fold less full length product by 5 min
than the WT enzyme (Fig. 1C).
Effect of Tyr-64 substitutions in reverse transcriptase during
extended DNA displacement synthesis
To further investigate how the Y64A mutation affected DNA
displacement synthesis, we provided the WTand Y64A enzymes
with a longer extension substrate. This LTR-containing substrate
has been described previously (Whiting and Champoux, 1998)
and models the in vivo substrate for displacement synthesis by
M-MuLV reverse transcriptase following the second strand
transfer event. The non-displacement version of this substrate
has a 19 nt primer annealed to a 567 nt single-stranded template
DNA. The displacement substrate contains the same 19 nt primer
annealed immediately upstream of a 548 nt non-template strand.
The capacity of the WT or Y64A reverse transcriptase to extend
the 5′ end-labeled primer was compared in a 5 min time course
for non-displacement synthesis and in a 30 min time course for
displacement synthesis.
Under non-displacement conditions, both enzymes rapidly
extended the primer to the end of the template DNA and with
the exception of a slight lag by the mutant enzyme (see below),
the synthesis patterns were very similar (Fig. 2A, compare lanes
1–5 with 6–10). The mutant enzyme showed increased pausing
at +26 nt beyond the primer terminus, but this did not
significantly affect synthesis of the 567 nt full length product.
By contrast, when using the displacement substrate, the
production of full length product was very different for the
WT and mutant enzymes. While the WT enzyme generated
varied lengths of extension products, including full length, the
Y64A reverse transcriptase produced essentially no full length
product and generated only very small amounts of shorter
extension products (b+26 nt in length) by 30 min (Fig. 2A,
compare lanes 11–15 with lanes 16–20). These data confirmed
that the Y64A mutation in reverse transcriptase impairs DNA
displacement synthesis, but has only a minimal effect on non-
displacement synthesis.
Fig. 1. Non-displacement and strand displacement synthesis byWTand Y64A-substituted reverse transcriptase using an oligonucleotide primer-template. (A) To assay
displacement synthesis on a short primer-template, extension from a 5′ end-labeled 27-mer annealed to a 61 nt template strand in the absence (non-displace.; lanes 1–6
and 13–18) or presence (displacement; lanes 7–12 and 19–24) of a 33-mer non-template strand was incubated with WT (lanes 1–12) or Y64A (lanes 13–24) reverse
transcriptase. The sizes of the unextended 27-mer (Primer) and the 60-mer representing complete extension (Full Length) are indicated with arrows. Samples were
collected at the indicated times, analyzed in a denaturing 10% polyacrylamide gel, and the results were visualized with a PhosphorImager. Using the representative data
shown in panel A, the percent of primer extended to full length extension product for the WT (triangles) and Y64A (squares) reverse transcriptases is plotted as a
function of time using the substrates for non-displacement (B) or displacement (C) synthesis. A schematic illustrating the non-displacement or displacement substrate
is shown at left in panels B and C.
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mutation on synthesis with the non-displacement and displace-
ment substrates was quantified by determining the median
lengths of extension for the mutant and WT enzymes as
described previously (Whiting and Champoux, 1998). The
lengths of the extension products were determined by
comparison with a single-stranded DNA ladder (Fig. 2A, lane
M) and the amounts of extension products were quantified byPhosphorImager analysis. In non-displacement synthesis (Fig.
2C), there was a small difference in the median extension
lengths for the two enzymes, but after the first time point, the
rate of extension was essentially the same. This difference is
easily explained by comparing the 1 min non-displacement time
points (Fig. 2A, lanes 6 and 1, respectively), where there was a
distinct pause site at +26 nt after the primer terminus for the
Y64A reverse transcriptase that was not observed for the WT
Fig. 2. Non-displacement and strand displacement synthesis by WT and Y64-substituted reverse transcriptases using an LTR-containing template. (A) To compare
synthesis on a longer substrate, extension from 5′ end-labeled MLV7 annealed to the single-strand template DNA, pBSMOLTR, was examined in the absence (Non-
Displace.; lanes 1–10) or presence (Displacement; lanes 11–20) of a 548 nt non-template strand. Substrates were incubated with 5 units of WT (lanes 1–5 and 11–15)
or 15 units of Y64A (lanes 6–10 and 16–20) reverse transcriptase. Complete extension represents synthesis of 567 nt (indicated by an arrow as Full Length), and the
product resulting from pausing after 26 nt of synthesis is indicated (+26 nt). Samples were collected at the indicated times, analyzed in a denaturing 6% polyacrylamide
gel, and the results were visualized with a PhosphorImager. (B) Extension of the displacement synthesis substrate described in panel A using 2.5 units of WT (lanes 1–
5) or 2.5 units of Y64F (lanes 6–10) reverse transcriptase. In Lane M, the sizes of markers are indicated in nt. (C) Using the representative data shown in panel A the
median extension lengths for the WT (triangles) and Y64A (squares) reverse transcriptases are plotted as a function of time using the non-displacement (left) or
displacement (right) substrate. The median is defined as the length of extension product for which 50% of the products are shorter and 50% are longer in size.
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extension length of the initial time point for the Y64A reverse
transcriptase and this effect carries over to the rest of the time
course (Fig. 2A, lanes 7–10; Fig. 2C). Importantly, this
quantitative analysis clearly demonstrates the dramatic effect of
the Y64Amutation on displacement synthesis as compared to the
WT enzyme (Fig. 2C). After 30 min, there was almost a 10-fold
difference in the median extension lengths for the two enzymes.Because the displacement synthesis assay using a longer
extension substrate appeared more sensitive in detecting an
impairment in displacement synthesis, we wanted to verify that
the Y64F reverse transcriptase was indeed unaffected in the
ability to carry out this form of synthesis. As shown in Fig. 2B,
the Y64F reverse transcriptase performed displacement synth-
esis at a level essentially identical to the WT enzyme, and
therefore was not examined further in this study.
Fig. 3. Non-displacement and strand displacement synthesis by WT and L99W-
substituted reverse transcriptases using an LTR-containing template. As
described in Fig. 2, displacement synthesis was assayed by extension from 5′
end-labeled MLV7 annealed to single-stranded DNA template without (Non-
Displace.; lanes 1–10) or with (Displacement; lanes 11–20) a non-template
strand. Complete extension represents synthesis of 567 nt (indicated as Full
Length). After incubation with 5 units of either WT (lanes 1–5 and 11–15) or
L99W (lanes 6–10 and 16–20) reverse transcriptase, samples were collected at
the indicated times and analyzed as described in Fig 2.
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displacement synthesis activity
The Leu-99 position in the fingers subdomain of M-MuLV
reverse transcriptase seemed a likely candidate for an amino
acid that contacts the DNA and is involved in displacement
synthesis because substitutions at the structurally equivalent
residue, F61, in the HIV-1 enzyme affected several aspects of
enzyme activity including displacement synthesis (Fisher et al.,
2003; Fisher and Prasad, 2002; Mandal et al., 2006). Of
particular note is the substitution of tryptophan at position 61,
which did not dramatically affect processivity but impaired the
displacement synthesis capacity of HIV-1 reverse transcriptase
(Fisher et al., 2003).
To test whether the Leu-99 residue in M-MuLV reverse
transcriptase might similarly have a role in displacement
synthesis, we overexpressed and purified mutant enzymes
containing tryptophan, phenylalanine, tyrosine, or alanine at
this position. The polymerization activities of the mutant
enzymes were found comparable to that of the WT enzyme
using a poly(rA)/oligo(dT) assay (data not shown).
Using the longer extension substrates described in Fig. 2, we
compared the abilities of the WT and Leu-99 mutant enzymes to
carry out non-displacement and displacement synthesis. With the
non-displacement substrate, L99W reverse transcriptase accu-
mulated the full length product at a reduced rate compared to the
WT enzyme, owing to an increase in pausing at intermediate
lengths (Fig. 3, lanes 1–10). When the same amounts of enzyme
were used in the displacement synthesis assay, there were no
dramatic pause sites for either enzyme and the accumulation of
full length products was similar (Fig. 3, lanes 11–20). These data
indicated that the L99W substitution in the M-MuLVenzyme did
not specifically affect displacement synthesis, but did decrease
the processivity of reverse transcriptase on a single-stranded
template. Using the short non-displacement and displacement
substrates described in Fig. 1, both the WT and L99W reverse
transcriptases showed very similar rates of synthesis for the full
length product, but again the L99W enzyme showed more
pausing and less primer utilization in both forms of synthesis,
consistent with a defect in processivity (data not shown).
In similar experiments, we found that the L99F and the L99Y
substitutions had no effect on the ability of reverse transcriptase
to perform non-displacement or displacement synthesis (data
not shown). The L99A substitution resulted in substantial
pausing at the +26 nt beyond the primer terminus during non-
displacement synthesis, indicating a defect in processivity that
was also evident in a reduced capacity for displacement
synthesis when compared to the WT enzyme. Because none
of the tested Leu-99 substitutions had a specific effect on the
displacement synthesis capacity of reverse transcriptase, these
mutant enzymes were not characterized further.
Processivity of Y64A reverse transcriptase
Of the multiple versions of M-MuLV reverse transcriptase
that we tested, the Y64A enzyme alone was impaired in
displacement synthesis and unaffected in non-displacementsynthesis. If this substitution decreased the ability of the enzyme
to carry out processive synthesis, then such a defect could
account for a corresponding decrease in the capacity to carry out
displacement synthesis. Notably, three of the mutations tested at
the Phe-61 position in the fingers subdomain of HIV-1 reverse
transcriptase reduced processivity relative to the WT enzyme
(Fisher et al., 2003). Consequently, it was important to directly
test whether the Y64A substitution affected the processivity of
M-MuLV reverse transcriptase during DNA synthesis.
To measure processive polymerization, we used the long
non-displacement primer-template that contains the LTR
sequence. Extension assays carried out in the absence of the
heparin trap demonstrated that the WT and Y64A reverse
transcriptases produced very similar lengths and amounts of
extension products (No Trap; Fig. 4, lanes 5, 6 and 9, 10,
respectively). To examine a single cycle of binding and
productive synthesis by the enzymes, reactions were carried
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any unbound reverse transcriptase (Fig. 4, Trap). With trap, the
WT reverse transcriptase extended the primer as far as the +26
nt, but most of the extension products were b10 nt in length
(Fig. 4, lanes 3 and 4). Although the Y64A reverse transcriptase
demonstrated a somewhat decreased primer usage (b2-fold),
the lengths of extension products in one round of synthesis were
very similar to the WT enzyme (Fig. 4, lanes 7 and 8). As a
control, the effectiveness of the trap in blocking synthesis was
confirmed by pre-incubating both enzymes with excess heparin
and labeled substrate followed by the addition of the dNTPs
(Pre-Trap; Fig. 4, lanes 1, 2 and 11, 12).Fig. 4. Polymerase processivity assay for wild-type and Y64A reverse
transcriptase. Extension from 5′ end-labeled MLV7 annealed to the single-
stranded DNA template pBSMOLTR was measured in the absence of heparin
(No Trap; lanes 5, 6, 9, 10), in the presence of heparin (Trap; lanes 3, 4, 7, 8), or
after pre-treatment with heparin as a control (Pre-Trap; lanes 1, 2, 11, 12).
Assays were carried out with WT (lanes 1–6) or Y64A (lanes 7–12) reverse
transcriptase and aliquots were collected at the indicated times. Samples were
analyzed in a denaturing 15% polyacrylamide gel and results were visualized
with a PhosphorImager. The positions of the unextended primer, and the +10
and +26 nt extension products are indicated at the left.These data show that the processivity of the WT and Y64A-
substituted M-MuLV reverse transcriptases are very similar.
This result supports the view that the 10-fold decrease in
displacement synthesis observed for the Y64A enzyme is not
solely the result of a defect in processivity and that this mutation
specifically affects displacement synthesis.
Effect of Y64A mutation on RNA displacement synthesis
Previous studies have highlighted the detrimental effects on
DNA polymerization when reverse transcriptase must synthe-
size through contiguous duplex RNA (Lanciault and Cham-
poux, 2004, 2005). To ask whether the Y64A mutation in M-
MuLV reverse transcriptase affects RNA displacement synth-
esis, we used a substrate comprised of a 5′ end-labeled DNA
primer annealed to the 3′ end of a template RNA containing
substantial secondary structure, including a contiguous 15 bp
stretch within the stem of a hairpin (Fig. 5A). The secondary
structure in this template was found previously to substantially
slow synthesis by WT HIV-1 reverse transcriptase (Lanciault
and Champoux, 2005).
We compared the ability of the M-MuLV WT and Y64A
reverse transcriptases to extend the DNA primer in time course
assays (Fig. 5B). As found previously for the WT HIV-1
enzyme (Lanciault and Champoux, 2005), there was primarily
one strong pause site at the +5 position that disappeared with
longer incubation times, with essentially no pause sites on the
remainder of the template RNA before completing synthesis of
the full length product (Fig. 5B, lanes 1–4). In contrast, the
Y64A enzyme exhibited strong pausing at both the +4 and +5
positions that was sustained even at the longer time points (Fig.
5B, lanes 5–8). Also, the accumulation of full length product for
the Y64A reverse transcriptase was reduced when compared to
the WT enzyme; for example, the amount of full length product
synthesized by Y64A reverse transcriptase at 30 min was equal
to that of the WT enzyme after only 10 min.
These observations indicated that in addition to a defect in
DNA displacement synthesis, Y64A reverse transcriptase has a
reduced capacity to carry out RNA displacement synthesis as
compared to the WT enzyme.
Effect of Y64A mutation on RNase H activity
When bound to a primer-template, the active site of the
RNase H domain is positioned approximately 18 bp from the
active site of the polymerase (Arnold et al., 1992; Huang et al.,
1998; Jacobo-Molina et al., 1993; Kohlstaedt et al., 1992;
Sarafianos et al., 2001). Because some substitutions at the Phe-
61 position in the HIV-1 reverse transcriptase have been shown
to disrupt proper RNase H function (Mandal et al., 2006), it
seemed possible that the Y64A substitution in M-MuLV reverse
transcriptase might similarly disrupt or alter the contacts in the
polymerase domain and consequently affect RNase H activity.
To evaluate RNase H activity, we compared how the WTand
Y64A enzymes carried out RNA 5′ end-directed or DNA 3′
end-directed cleavages using two types of hybrid substrates. In
the first substrate, the RNA 5′ end was recessed on a longer
Fig. 5. RNA displacement synthesis byWTand Y64A reverse transcriptase. (A) Schematic depicting the substrate for RNA displacement synthesis, which consists of a
5′ end-labeled 27-mer DNA primer annealed to the 3′ end of a modified HIV-1 TAR element that is missing an unpaired C in the base of the stem-loop (Lanciault and
Champoux, 2005). (B) The RNA displacement substrate was incubated with WT (lanes 1–4) or Y64A (lanes 5–8) reverse transcriptase for the indicated times, the
products were analyzed in a denaturing 10% polyacrylamide gel, and the results were visualized with a PhosphorImager. The positions of unextended primer, full-
length extension product, and self-priming product are indicated at left. Sizes of products in nt are given at right. For both panels A and B, the positions of primer
extensions products are noted as the number of nucleotides added to the primer 3′ end.
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was recessed on a longer RNA strand (Figs. 6A and B, top
illustration). When the WT and the Y64A enzymes were
compared using the RNA 5′ end-directed substrate in a time
course assay, the resulting cleavage products indicated that both
the sites of cleavage and the rates of cleavage were indistinguish-
able (Fig. 6A, lanes 1–10). Similar results were seen using the
DNA 3′ end-directed substrate (Fig. 6B, lanes 1–10).
In other experiments, we compared the RNase H activities of
the WT and Y64A reverse transcriptases using a long hybrid
substrate that contained the M-MuLV polypurine tract region to
examine the pattern of internal RNase H cleavages. The data
showed that the rate and pattern of all RNase H cleavages were
identical, including generation of the polypurine tract primer (data
not shown). Together, these data indicate that the Y64A mutation
has no effect on the RNase H activity of the reverse transcriptase.
In vivo replication kinetics of Y64A virus
The above studies demonstrate that the Y64A substitution in
the M-MuLV reverse transcriptase significantly decreased the
capacity of the enzyme to carry out both DNA and RNA dis-
placement synthesis without significantly impacting the poly-
merase processivity or RNase H activity. We next determined the
consequences of this mutation for retroviral replication in vivo.
The Y64A mutation was introduced into the coding sequence
of reverse transcriptase in a full-length infectious viral constructof M-MuLV (Colicelli and Goff, 1988), and the WT and Y64A
constructs were transiently transfected into 293T cells. In three
separate transfections, the WT and Y64A constructs produced
virus stocks with very similar titers as measured by the standard
exogenous reverse transcriptase assay (data not shown; see
Materials and methods; Telesnitsky et al., 1995). This assay has
been used previously as a quantitative method for determining
overall virus production (Gonsky et al., 2001; Lim et al., 2002)
and was used here to equalize the WT and Y64A virus levels for
subsequent infection of NIH 3T3 cells.
NIH 3T3 cells were infected with the WTor Y64Avirus, and
aliquots of culture supernatants were collected over 17 days and
assayed for reverse transcriptase activity to measure viral spread
(Fig. 7). As expected, the WT virus gave rise to a spreading
infection and was detected at the earliest time point of 3 days. In
contrast, no Y64Avirus production was detected above the level
observed for the mock infection. The inability to detect any viral
spread by the Y64A virus clearly demonstrated that the Y64A
mutation in reverse transcriptase blocks M-MuLV replication
in vivo.
Effect of Y64A mutation on reverse transcription in vivo
We next wished to resolve which step in viral replication in
vivowas affected by the Y64A mutation in reverse transcriptase.
To determine if replication intermediates were detectable in
Y64A-infected cells, low molecular weight DNAwas isolated at
Fig. 6. Analysis of RNA 5′ end-directed and DNA 3′ end-directed RNase H cleavages byWTand Y64A reverse transcriptase. For panels A and B, at top is a schematic
depicting the hybrid substrate used to assay RNase H cleavage activity, which contains a 5′ end-labeled RNA (grey line) annealed to a longer or shorter DNA (black
line), and the 3′ strand ends are indicated by arrowheads. The substrates assaying RNA 5′ end-directed (A) or DNA 3′ end-directed (B) RNase H cleavages were
incubated for the indicated lengths of time with WT (lanes 1–5) or Y64A (lanes 6–10) reverse transcriptase. Cleavage products were analyzed in denaturing 20%
polyacrylamide gels and visualized using a PhosphorImager. The position of uncleaved 5′ end-labeled RNA for each substrate is indicated.
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and Y64A virus, and analyzed by a PCR assay that measured
viral replication intermediates at four distinct stages of reverse
transcription. As an internal control in the isolation procedure,
an additional PCR assay was carried out for the detection of
mitochondrial DNA. Each PCR assay was carried out with
undiluted, 10-fold, and 100-fold dilutions of the DNA samples
to allow for quantitative comparisons between the samples.
To examine the synthesis of minus-strand strong stop DNA,
primers amplifying the end of the R-U5 region were used. The
WT and Y64A viruses generated approximately equal amounts
of minus-strand strong stop DNA (Fig. 8A). This confirmed that
the general polymerase activity and processivity of the reverse
transcriptase coded by the Y64A virus was essentially the same
as that of the WT virus. However, the analysis of successive
steps in reverse transcription showed that the mutant virus made
progressively less DNA at each of the later stages of reverse
transcription as compared to the WT virus. Primers amplifying a
region in the gag coding sequence indicated that the Y64Avirusproduced ∼10-fold less DNA than the WT virus after the first
template switch (Fig. 8B). PCR with primers that amplified the
region between R and just downstream of the PBS showed that
Y64A virus produced ∼20-fold less DNA than WT after the
second template switch (Fig. 8C). Finally, PCR primers were
used to amplify the sequence located between R and U3 that is
only present in the LTR–LTR junction that results when some
of the completed, linear viral DNAs are circularized by host cell
enzymes (Lobel et al., 1989). Unlike the WT virus, the Y64A
virus made no detectable two LTR circle junction DNA (Fig.
8D). PCR analysis of the mitochondrial DNA in these samples
confirmed that equal amounts of low molecular weight DNA
were present in all of the samples (8E).
Discussion
The polymerase activity of reverse transcriptase has an
intrinsic ability to carry out displacement synthesis in the
absence of accessory proteins, although the viral nucleocapsid
Fig. 7. Assay of viral spread in culture for WT M-MuLV or M-MuLV virus
containing the Y64Amutation in reverse transcriptase. The Y64A substitution in
reverse transcriptase was introduced into the plasmid pNCA, which contains an
infectious clone of M-MuLV (Colicelli and Goff, 1988). After generating
infectious virus by transfection, equal amounts of WT or mutant virus (Y64A)
were used to infect NIH3T3 cells. Infected cells were passaged every 3 to 4 days,
and supernatants from duplicate cultures were collected on the indicated days
and analyzed by an exogenous assay for reverse transcriptase activity. The
supernatant from a mock transfection was also included as a negative control
(Mock).
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synthesis (Amacker et al., 1995; Fuentes et al., 1996b; Hottiger
et al., 1994; Huber et al., 1989; Kelleher and Champoux,
1998; Whiting and Champoux, 1994). Because temperature
and base composition do not preferentially affect the rate of
displacement over non-displacement synthesis (Kelleher and
Champoux, 1998; Whiting and Champoux, 1994), it seems
unlikely that this ability involves a simple passive mechanism in
which thermal breathing of the helix in front of the advancing
polymerase is all that is required for a cycle of nucleotide
addition. Instead, displacement synthesis appears to require an
active mechanism involving protein–nucleic acid interactions
that promote strand separation ahead of the translocating
polymerase (Whiting and Champoux, 1994, 1998). In agree-
ment with this hypothesis, several biochemical studies have
demonstrated that reverse transcriptase interacts with the DNA
downstream of the primer terminus, especially at the +1 and +2
positions (Dash et al., 2006; Winshell and Champoux, 2001,
2004; Wohrl et al., 1995).
We are especially interested in comparing and understanding
the structural determinants of the HIV-1 and M-MuLV reverse
transcriptases that enable strand displacement synthesis. From
the co-crystal structure of the HIV-1 enzyme, residues Trp-24,
Pro-25, Phe-61, Ile-63, Leu-74, and Asp-76 in the fingers
subdomain are the furthest known enzyme contacts on the
template strand downstream of the primer terminus (Huang et
al., 1998). While some or all of these interactions might be
involved in the separation of the duplex containing the 5′ end of
the non-template strand ahead of the primer terminus, Trp-24
and Phe-61 are the two most distal residues and consequently
the most likely candidates to consider as structural elementsimportant for displacement synthesis. Trp-24 contacts the
phosphate backbone between the second and third base of the
single-stranded template extension, while Phe-61 contacts both
the +2 base and the +1 ribose of the template strand (Huang et
al., 1998). A structure-based sequence alignment of the HIV-1
and M-MuLV reverse transcriptases indicates that the fingers
subdomain of these enzymes share a very similar structure (Das
and Georgiadis, 2004). The residue equivalent to Trp-24 in M-
MuLV reverse transcriptase is Tyr-64, which is located within 6
highly conserved amino acids between the β2 strand and the αC
helix (Das and Georgiadis, 2004). The residue analogous to
Phe-61 in M-MuLV reverse transcriptase is Leu-99, which is
located within the β4 strand (Das and Georgiadis, 2004).
To test the hypothesis that an interaction between the
template strand downstream of the primer terminus and residue
Tyr-64 in the fingers subdomain of M-MuLV reverse tran-
scriptase promotes displacement synthesis, we replaced Tyr-64
with either phenylalanine, which contains a hydrophobic
aromatic ring similar to tyrosine, or alanine, which contains a
sterically small side-chain. Using in vitro assays with purified
enzymes to compare non-displacement versus displacement
synthesis, the more conservative Y64F substitution did not
affect displacement synthesis. This indicates that any role of
Tyr-64 in displacement synthesis does not apparently require
the hydroxyl group on the tyrosine and that the aromatic phenyl
ring found in both tyrosine and phenylalanine is sufficient.
However, the Y64A substitution generated a form of reverse
transcriptase that is 5- to 10-fold less effective at both DNA and
RNA strand displacement synthesis as compared to the WT
reverse transcriptase. This effect cannot be explained solely by a
defect in polymerase processivity, which was decreased at most
only two-fold as compared to the WT enzyme. Thus, it appears
that the smaller alanine side-chain in Y64A reverse transcriptase
eliminates one or more contacts with the template strand
important for displacement synthesis. As yet, there are no
structural data showing how reverse transcriptase interacts with
the non-template strand and it is also possible that substitutions
at the Tyr-64 position instead affect one or more contacts with
the non-template strand.
When the Y64A mutation was introduced into an otherwise
wild-type M-MuLV, the resulting Y64A virus was unable to
carry out a productive infection in vivo. The Y64A mutation did
not impair virion assembly or release because infectious virus
was produced after transfecting a DNA viral construct contain-
ing this mutation. By examining replication products synthe-
sized at different stages of reverse transcription, we determined
that the Y64A mutation exerts its effect during reverse
transcription. In agreement with our in vitro observations, the
Y64A substitution in reverse transcriptase does not dramatically
affect enzyme processivity or polymerization in vivo because
the mutant virus produced minus-strand strong-stop DNA at
levels comparable to the WT virus. However, the Y64A virus
synthesized increasingly fewer intermediates at subsequent
steps of reverse transcription. These observations are most
consistent with the Y64A substitution causing a specific defect
in strand displacement synthesis in vivo. While synthesis of
minus-strand strong-stop DNAwould not be expected to require
Fig. 8. PCR analysis of reverse transcription products generated in vivo by WTM-MuLVor M-MuLV virus containing the Y64A mutation in reverse transcriptase. At
24 h post-infection, low molecular weight DNAwas isolated from infected (WT, Y64A) or uninfected (Mock) cells. These DNAs were used undiluted (U), or diluted
1:10 or 1:100 in PCR assays designed to amplify products at different stages of reverse transcription (illustrated at left), and the resulting PCR products were analyzed
in 2% agarose gels (shown at right). The assays measured the following stages of reverse transcription: completion of minus-strand strong stop DNA (A), extension
after the first template switch (B), extension following the second template switch (C), and formation of circle junctions after displacement synthesis to complete the
LTRs (D). As a control for DNA isolation and recovery, mitochondrial DNAwas amplified in all samples (E). The observed PCR products were confirmed by size
using the markers shown in nt at right. In the illustrations, the single-strand RNA template is indicated by an open line, the minus-strand DNA by a grey line, and the
plus-strand DNA by a black line. PCR primers are indicated by black arrows.
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exchange would likely require RNA displacement synthesis for
polymerization through the secondary structure elements
present in the template strand and through the RNA fragments
left behind by RNase H (DeStefano et al., 1992; Fuentes et al.,
1996a; Kelleher and Champoux, 1998, 2000; Lanciault and
Champoux, 2004, 2005, 2006). In addition, DNA displacement
synthesis is necessary for polymerization through extensive
duplex DNA after the second template switch to complete the
viral LTR sequences (Fuentes et al., 1996b; Whiting and
Champoux, 1994, 1998).Together, these in vitro and in vivo observations are
consistent with the hypothesis that displacement synthesis
occurs through an active mechanism that involves specific
protein–nucleic acid interactions between the DNA and either
a tyrosine or a phenylalanine, but not an alanine at position 64
in M-MuLV reverse transcriptase. The absence of a require-
ment for the hydroxyl on tyrosine suggests that the hydro-
phobic phenyl ring contributes to strand separation, perhaps by
destabilizing the helix ahead of the translocating polymerase
through a disruption of DNA base stacking. The minimal to no
effect of the Y64A substitution on other functions, such as
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RNase H activity, indicates that the overall geometry of the
closed ternary complex of reverse transcriptase with the
primer-template, and incoming dNTP is not greatly disturbed
by this mutation. Because our results implicate a role for Tyr-
64 in displacement synthesis and support the importance of
this position in polymerase function as predicted by the HIV-1
crystal structure, it would be of interest to compare the effects
of the equivalent substitution at Trp-24 in HIV-1 reverse
transcriptase.
We also tested whether residue Leu-99 in the fingers sub-
domain of M-MuLV reverse transcriptase might similarly
facilitate strand displacement synthesis by replacing this residue
with phenylalanine, tryptophan, tyrosine, or alanine. At the
outset, we predicted that one or more of these changes would
affect displacement synthesis because substitutions at the
equivalent residue in HIV-1 reverse transcriptase, Phe-61, result
in multiple effects on polymerase function, including fidelity,
strand displacement synthesis, and processivity (Fisher et al.,
2003; Fisher and Prasad, 2002). For example, an F61Yor F61L
substitution increases the ability of the HIV-1 enzyme to carry
out strand displacement synthesis while reducing processivity.
Substitution of tryptophan at the Phe-61 residue specifically
impairs displacement synthesis (Fisher et al., 2003), and this
form of reverse transcriptase exhibits a reduction in the extent of
melting at the +1 and +2 positions downstream of the primer
terminus (Winshell et al., 2004). Mutant HIV-1 viruses
containing Phe-61 substitutions are replication defective, and
interestingly, some of the Phe-61 substitutions cause defects in
RNase H activity in addition to impairing polymerase function
(Mandal et al., 2006).
Surprisingly, none of the Leu-99 substitutions that we tested in
M-MuLV reverse transcriptase exhibit a specific defect in
displacement synthesis. The simplest explanation for these
results is that the Leu-99 residue in M-MuLV reverse
transcriptase does not participate in displacement synthesis,
possibly reflecting an interesting structural difference between
the M-MuLV and HIV-1 enzymes in the protein–nucleic acid
interactions that actively promote displacement synthesis. In a
comparative analysis, the fingers and palm subdomains in the M-
MuLV and HIV-1 enzymes are structurally very similar, but the
relative positions of the thumb, connection and RNase H domains
are different, and account for the more clamp-like shape of theM-
MuLV enzyme (Das and Georgiadis, 2004). Notably, the length
of the β strand containing the Leu-99 residue inM-MuLVreverse
transcriptase is much shorter than the equivalent β strand
containing Phe-61 in HIV-1 reverse transcriptase. Thus, in the
predicted trajectory of the primer-template in the M-MuLV
reverse transcriptase structure (Das and Georgiadis, 2004), it is
possible that some subtle variation in the fingers subdomain
places a residue other than Leu-99 in the role predicted by the
equivalent Phe-61 residue in the HIV-1 reverse transcriptase
crystal structure (Huang et al., 1998). A co-crystal structure of M-
MuLV reverse transcriptase with a substrate that reveals the
interactions between the template and nontemplate strands
downstream of the primer terminus with the fingers subdomain
would provide key insights regarding this interesting possibility.The observations that all of the Phe-61 substitutions in HIV-1
caused multiple defects in viral replication that included strand
displacement synthesis, processivity, and RNase H activity
(Mandal et al., 2006), and that the Y64A substitution in M-
MuLV reverse transcriptase generated a virus that is unable to
replicate in vivo have relevance for possible antiretroviral
therapies. The inability of these mutant viruses to complete
reverse transcription strongly argues that the ability to perform
strand displacement synthesis is essential to viral replication in
vivo. In addition, since the displacement synthesis capacity of
reverse transcriptase is unique, this activity might represent a
novel target for the design of anti-viral drugs. It would be of
interest to screen for drugs that block the nucleic acid–protein
interactions that are essential for displacement synthesis. Such
drugs might prove very beneficial in combination with other
anti-virals in the treatment of HIV-1 infected individuals.
Materials and methods
Reagents and 5′ end-labeling
T4 polynucleotide kinase, T4 DNA polymerase, and all
restriction enzymes were obtained from New England Biolabs.
DNA oligonucleotides were obtained from Operon. When
applicable, oligonucleotides were gel-purified as described
(Schultz et al., 2004). When indicated, DNA oligonucleotides
or RNAs were 5′ end-labeled with [γ-32P]ATP (NEN Life
Science Products) as described previously (Schultz et al., 2006).
Plasmids and construction of mutant plasmids
A plasmid expressing the reverse transcriptase of M-MuLV
was created by amplifying a 2012 bp DNA fragment encoding
reverse transcriptase (derived from nts 2598 to 4610 in the plus-
sense sequence of M-MuLV (Shinnick et al., 1981) from
plasmid p8.2 (Shoemaker et al., 1980) using primers 5′-
CAGGGAATTCCATATGACCCTAAATATAGAAGATGAG-
3′ and 5′-GTACCATCTAGATCATTAGAGGAGGGTTA-
GAGGTGTC-3′. This fragment was introduced into NdeI and
XbaI-digested pPROEX-1 vector (Invitrogen) to generate an
expression construct (pPRO-RT) that produces a recombinant
protein containing an N-terminal 6 residue His tag.
Mutagenesis of the reverse transcriptase gene in pPRO-RT
was performed with the QuikChange Site-Directed Mutagenesis
Kit (Stratagene) according to the manufacturer's protocol using
Pfu Ultra HF DNA polymerase (Stratagene) for extension of the
primers. All plasmid DNAs were sequenced to confirm the
mutations. To generate substitutions at the Tyr-64 position, a
forward oligonucleotide containing the sequence (5′-CCCCG-
TGTCCATAAAACAANNNCCCATGTCACAAGAAGCC-
3′) was used, with the 5′-NNN-3′ bases corresponding to 5′-
GCT-3′ for the Y64A change and 5′-TTT-3′ for the Y64F
change, and a reverse oligonucleotide containing the sequence
(5′-GGCTTCTTGTGACATGGGNNNTTGTTTTATGGA-
CACGGGG-3′) with the 5′-NNN-3′ bases corresponding to 5′-
AGC-3′ for the Y64A change and 5′-AAA-3′ for the Y64F
change. To generate substitutions at the Leu-99 position, a
373B.A. Paulson et al. / Virology 366 (2007) 361–376forward oligonucleotide containing the sequence (5′-
CCTGGAACACGCCCCTGNNNCCCGTTAAGAAAC-
CAGG-3′) was used, with the 5′-NNN-3′ bases corresponding to
5′-TGG-3′, 5′-GCC-3′, 5′-TTC-3′, and 5′-TAT-3′ for the L99W,
L99A, L99F, and L99Y changes, respectively, and a reverse
oligonucleotide containing the sequence (5′-CCTGGTTTCTT-
AACGGGNNNCAGGGGCGTGTTCCAGG-3′) with the 5′-
NNN-3′ bases corresponding to 5′-CCA-3′, 5′-GGC-3′, 5′-
GAA-3′, and 5′-ATA-3′ for the L99W, L99A, L99F, and L99Y
changes, respectively.
Expression and purification of recombinant reverse
transcriptases
To express the wild-type or mutant versions of M-MuLV
reverse transcriptase, an overnight culture of the Top10F′ strain
of Escherichia coli containing the appropriate plasmid was
grown in LB containing 100 μg/ml of ampicillin (LB-Amp) at
37 °C and then diluted 1:25 in 1200 ml of fresh LB-Amp and
cells were grown at 30 °C to an A600=0.5 to 0.7. After inducing
recombinant enzyme expression by adding isopropylthio-β-D-
galactoside (IPTG; Invitrogen) to a final concentration of 1 mM,
the cultures were grown for 60 min at 30 °C, and then
centrifuged at 7500×g for 10 min at 4 °C. Cells were
resuspended in lysis buffer (40 mM Tris–Cl pH 8.0, 10 mM
imidazole, 50 mM NaCl, 10 mM MgCl2, 0.5% Triton X-100,
0.2 mg/ml PMSF, 1 mg/ml lysozyme, and 1× Pic-W [208 μg
benzamidine, 5 μg aprotinin, 1 μg leupeptin]) and sonicated
eight times for 10 s at an output of 2.5 using a Ultrasonic
Homogenizer 4710 Series (Cole Parmer).
To purify recombinant enzyme, the resulting extract was
centrifuged at 60,000×g for 30 min at 4 °C and the supernatant
was applied to Ni-NTA beads (Qiagen) previously equilibrated
in Bead Wash buffer (40 mM Tris–Cl pH 8.0, 500 mM NaCl,
10 mM MgCl2) containing 0.5% Triton X-100. Beads were
washed two times with Bead Wash buffer containing 0.5%
Triton X-100 and 20 mM imidazole pH 8.0, and two times with
Bead Wash buffer containing 0.1% Triton X-100 and 20 mM
imidazole pH 8.0. Finally recombinant proteins were eluted
using Bead Wash buffer containing 0.2% Triton X-100 and
300 mM imidazole pH 8.0. The N-terminal His-tag was
removed from the recombinant enzymes using TEV Protease
(Invitrogen). For every 3 μg of protein, 2 units of TEV protease
gave complete cleavage in ∼1 h at 30 °C. Following cleavage,
the enzymes were dialyzed in 40 mM Tris–Cl pH 8.0, 500 mM
NaCl, 0.2% Triton X-100 using a Slide-A-Lyzer Dialysis
Cassette (Pierce). Proteins were concentrated using Ultrafree
0.5 centrifugal filters (Millipore), and dithiothreitol (DTT) and
glycerol were added to final concentrations of 0.1 mM and 50%,
respectively. The purified enzymes were stored at −20 °C. All
reverse transcriptase preparations were 90–95% pure by SDS-
PAGE analysis and determined to be free of contaminating
DNase or RNase activity.
The activities of the recombinant reverse transcriptases were
initially compared using oligo(dT)–poly(rA) primer-template
assays and [α-32P]dTTP (NEN Life Science Products) as
described previously (Hou et al., 2004). The specific activitiesof the various reverse transcriptases were found to be similar
within a factor of 2–3 between different preparations. This result
indicated that the amino acid substitutions did not grossly affect
the general DNA polymerase activity of the reverse transcriptase.
To assay mutant enzymes for a defect in displacement synthesis,
the amounts of WT and mutant enzymes that generated similar
levels of full length products in non-displacement synthesis
reactions were used. These amounts are indicated below or
specified in the figure legends.
Oligonucleotide-based primer-template displacement
synthesis assay
Displacement and non-displacement substrates were gener-
ated using a 61 nt template strand (LDNAt; 5′-AAGACAC-
CAAGGAAGCTTTAGACATGCATATTCAAGATAGAGG-
AAGAGCAAAACAAAAGTG-3′) and a 27 nt primer (LTn-1;
5′-ACTTTTGTTTTGCTCTTCCTCTATCTT-3′) with or with-
out a 33 nt non-template strand (LDNAnt; 5′-GAATATGCA-
TGTCTAAAGCTTCCTTGGTGTCTT-3′). LDNAt template
was annealed to 5′ end-labeled LTn-1 primer at a 2:1 molar
ratio in 75 mM Tris–Cl pH 8.0, 75 mM KCl by heating to 95 °C
and then slowly cooling (0.02 °C/s) to 37 °C using a
ThermoHybaid PCR Sprint thermocycler. For the displacement
substrate, LDNAnt non-template strand was added in a three-
fold molar excess to the template strand and the mixture was
incubated for 5 min at 37 °C. For the non-displacement
substrate, TE buffer (10 mM Tris–Cl pH 8.0, 1 mM EDTA)
was added as a volume control. In the assay, 11.5 units of WT
or 10 units of Y64A reverse transcriptase was added to 25 μl
reactions containing final concentrations of 50 mM Tris–Cl pH
8.0, 50 mM KCl, 5 mM MgCl2, 10 mM DTT, 100 nM
template, 50 nM primer, 300 nM non-template strand (in
displacement reactions only), and reactions were incubated for
5 min at 37 °C to ensure that enzyme bound the 3′-end of the
primer. Synthesis was initiated by the addition of dNTPs to a
final concentration of 100 μM, and at the indicated times, 3 μl
aliquots were removed and mixed with 9 μl of stop buffer
(96% formamide, 20 mM EDTA, 0.2% bromphenol blue, 0.2%
xylene cyanol). Reaction products were analyzed in denaturing
10% polyacrylamide gels and visualized by PhosphorImager
analysis.
Extended primer-template displacement synthesis assay
The substrates and assay for long displacement synthesis
have been described previously (Whiting and Champoux,
1998). Briefly, using the phagemid pBSMOLTR(+), a single-
strand template containing a complete LTR from the M-MuLV
sequence (nt 7758 to nt 231; Shinnick et al., 1981) was prepared
and linearized. A non-displacement substrate that allows
synthesis of 548 bases was generated by annealing a 5′ end-
labeled 19 nt primer, MLV7, to the pBSMOLTR template strand
at a 1:1 molar ratio. For the corresponding displacement
substrate, a non-template strand was generated by extending
MLV15, a 20-mer whose 5′ end abuts the 3′ end of MLV7, and
then annealing the MLV7 primer.
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mutant or WT reverse transcriptase in 30 μl reactions containing
50 mM Tris–Cl pH 8.0, 40 mMKCl, 5 mMMgCl2, 6 mMDTT,
20 nM substrate, and 200 μM dNTPs at 37 °C. At the indicated
times, aliquots were added to stop buffer and analyzed in
denaturing 6% polyacrylamide gels. Size markers were created
as described previously (Whiting and Champoux, 1998) by
digesting a fully extended version of the labeled primer with the
following restriction enzymes (fragment sizes are indicated in
parentheses): KpnI (77 nt), SacI (144 nt), XbaI (254 nt), NheI
(521 nt). The median extension length is defined as the fragment
length at which equal amounts of shorter and longer products
are present in the overall distribution of extension products.
Processivity assay
To measure processivity, 5′ end-labeled MLV7 annealed to
pBSMOLTR template was used as a substrate. For the No Trap
reactions, 10 units of WT or 30 units of Y64A reverse
transcriptase were pre-incubated for 3 min at 37 °C in a 10 μl
sample containing Assay Mix (6 nM substrate, 50 mM Tris–Cl
pH 8.0, 25 mM NaCl, 4 mMMgCl2, and 5 mM DTT), and then
the reactions were started by adding dNTPs to a final
concentration of 200 μM. For the Pre-Trap reactions, the
same amount of enzyme and 2 mg/ml of heparin were pre-
incubated for 3 min at 37 °C in 10 μl samples containing Assay
Mix, and then the reactions were started by adding dNTPs to a
final concentration of 200 μM. For the Trap reactions, the same
amount of enzyme was pre-incubated for 3 min at 37 °C in 10 μl
samples containing Assay Mix, and then the reactions were
started by the simultaneous addition of 2 mg/ml of heparin and
200 μM dNTPs. Reactions were incubated at 37 °C for 15 or
60 s, stopped by the addition of 20 μl stop buffer, and products
were analyzed in denaturing 15% polyacrylamide gels.
RNA displacement assay
The substrate for RNA displacement synthesis has been
described previously (Lanciault and Champoux, 2005). Briefly,
a 5′ end-labeled 27 nt DNA primer (TARn-1) was annealed near
the 3′ end ofΔC, a 242 nt template RNA containing a modified
HIV-1 TAR element sequence that is missing an unpaired C in
the base of the stem-loop and consequently requires displace-
ment synthesis through 15 consecutive duplex bases (Lanciault
and Champoux, 2005). Extension reactions with this substrate
were performed as described (Lanciault and Champoux, 2005).
Briefly, 2 pmol of template RNAwere annealed to 0.5 pmol of
5′ end-labeled TARn-1 primer in the presence of 94 mM Tris–
Cl pH 8.0, 94 mM KCl, and 11.25 mM MgCl2. 6.5 units of WT
or Y64A reverse transcriptase were added to 30 μl reactions
containing 50 mM Tris–Cl pH 8.0, 50 mM KCl, 6 mM MgCl2,
10 mM DTT, 66.6 nM template, 16.6 nM primer, and reactions
were pre-incubated for 5 min at 37 °C. The reactions were
initiated by adding dNTPs to a final concentration of 200 μM,
and aliquots were removed at the indicated times and added to
stop buffer. Extension products were analyzed in denaturing
10% polyacrylamide gels.RNase H activity assays
The substrates for the RNase H assays have been described
previously (Schultz et al., 2006). A 5′ end-labeled 29 nt RNA
(Md1) was annealed to a longer 49 nt DNA (D49) as a substrate
for RNA 5′ end-directed RNase H activity, and a 5′ end-labeled
46 nt RNA (R46) was annealed to a shorter 36 nt DNA (D+36/
+1) as a substrate for DNA 3′ end-directed RNase H activity.
20 μl cleavage reactions were carried out as previously
described (Schultz et al., 2006) using 0.2 pmol of substrate
and 1.5 units of WT or 0.76 units of Y64A reverse transcriptase
at 37 °C. Aliquots were removed at the indicated times, added to
stop buffer, and cleavage products were analyzed in denaturing
20% polyacrylamide gels.
Infectious clone and cell culture
The pNCA plasmid contains an infectious WT clone of M-
MuLV (Colicelli and Goff, 1988) and was a generous gift of S.
Goff (Colombia University). To generate the Y64A-containing
version of pNCA, the Y64A mutation was introduced into the
coding sequence of reverse transcriptase using the oligonucleo-
tides and procedure described above. The sequence change was
confirmed by sequencing.
293T and NIH 3T3 cells were grown in Dulbecco's modified
Eagle Medium, high glucose 1× (DMEM; Invitrogen) contain-
ing 10% fetal bovine serum (FBS). 293T cells at approximately
80% confluency on 6 cm plates were transfected by the calcium-
phosphate method with 10 μg of the pNCA or pNCA-Y64A
plasmid (Miller and Rosman, 1989). A mock transfection was
also performed using 10 μg of the pKSII(+) plasmid
(Stratagene). At 48 and 72 h post-transfection, culture medium
from all transfections was collected and stored at −80 °C. Viral
supernatants were equalized according to their activity in the
standard exogenous reverse transcriptase activity assay (Tele-
snitsky et al., 1995). Aliquots with equal amounts of virus were
buffered with 25 mM HEPES pH 7.1. Polybrene was added to a
final concentration of 8 μg/ml, and 1 ml of each viral
preparation was used to infect a 6 cm dish of NIH 3T3 cells
at 25% confluency. Every 3 to 4 days (when cells were 70% to
80% confluent), culture supernatants were collected and the
cells were split 1:10 into fresh DMEM with 10% FBS. In the
viral spread assay, production of WT virus or Y64A-containing
virus was monitored in viral supernatants using the exogenous
reverse transcriptase activity assay (Telesnitsky et al., 1995).
PCR analysis of viral DNA from infected cells
NIH 3T3 cells at 25% confluency were infected with either
WT virus or Y64A-containing virus as described above. A
mock infection was carried out as a control. At 24 or 48 h post-
infection, low molecular weight DNA was collected from cells
by the Hirt method (Hirt, 1967) and analyzed by PCR to
monitor progression through distinct stages of reverse tran-
scription (Gonsky et al., 2001; Lim et al., 2002).
To identify minus-strand strong-stop DNA (between nts 1
and 131 in the M-MuLV sequence; Shinnick et al., 1981), PCR
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and sssREV (5′-GCTGACGGGTAGTCAATCACTCAG-3′)
were used. To identify synthesis of long minus-strands after
the first template switch (between nts 995 and 1294), PCR
primers MgagF (5′-GCCTCGATCCTCCCTTTATC-3′) and
MgagR (5′-AGCTGTCCGTTTCCTCCTG-3′) were used. To
identify synthesis of plus-strands after the second template
switch (between nts 8265 and 389), PCR primers ss-ps
(described in Lim et al., 2002) and Mψ5 (5′-AACGGCCCC-
CGAAGTCCCT-3′) were used. To identify two-LTR circle
junctions (between nts 8270 and 8244), PCR primers MR5784
and MR4091 (both described in Gonsky et al., 2001) were
employed. To identify mouse mitochondrial DNA as an input
control, PCR primers mouse mtDNAfor and mouse mtDNArev
(both described in Gonsky et al., 2001) were used.
25 μl reactions were prepared using the GoTaq Green Master
Mix Kit (Promega), 0.5 μM of each primer, and either undiluted
DNA or DNA diluted 1:10 or 1:100. Reactions were denatured
at 94 °C for 2 min, and PCR was performed for 22 cycles at
94 °C for 15 s, 50 °C for 30 s, and 72 °C for 45 s followed by
extension at 72 °C for 7 min. To detect two LTR circle junctions,
reactions additionally contained 10% dimethyl sulfoxide and
PCR was carried out for 32 cycles of 94 °C for 1 min, 52 °C for
1 min, and 72 °C for 2 min. PCR products were analyzed in 2%
agarose gels alongside a 100 bp DNA ladder (Invitrogen) to
determine the product sizes.
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